The quest of novel materials and structures to design an efficient absorber for realizing wave trapping and absorption at terahertz (THz) frequencies is an open topic. But the design of a thin, wideband, and tunable THz absorber is still an arduous job. Hence, in this paper, a hybrid THz metamaterial absorber integrated with a cascaded graphene frequency selective surface (FSS), with ultra-high absorbance over a wide frequency range is designed using an analytical equivalent circuit model. Such an approach provides a feasible way to optimize the device by interrelating the effective electromagnetic and circuit parameters with the unit cell dimensions of FSS. A systematic study and critical analysis over a wide range of device parameters including graphene chemical potential and FSS design variables is demonstrated. A peak dip in reflection coefficient of −30.27 dB is observed at 2.94 THz for an optimal device with a chemical potential (μ c ) of 0.38 eV (μ c1 ), and 0.25 eV (μ c2 ) in the range of 0.1-4.0 THz. The cascaded FSS configuration results in the unique anti-reflection-based absorption phenomena, which is responsible for the achievement of -10 dB absorption bandwidth of 2.34 . In addition, the frequencydependent effective permittivity, permeability, and impedance is extracted using reflection data, in order to understand the device physics. Such ultra-thin and broadband absorbing device architecture may confer potential application perspectives in THz sensing, imaging, and detection.
Introduction
Terahertz (THz) technology has emerged as a vital field to discover the possibilities of the future generation technologies. Several new research areas have been developed after exploration of its potential applications such as earth sensing, astronomy, medical sensing and imaging, biotech, spectroscopy, defense, security, industrial, remote sensing, and wireless communications, etc. [1] - [4] . Many sensing and measuring devices are existing to detect microwave radiation, but they hindered progress at THz frequency. The upgradation of these devices or the development of new devices is very much required in order to realize such potential applications. Hence, THz absorbers are to be essentially explored to fulfil such requirements [1] . But the development of thin and broadband THz absorber with tunable absorption properties is a very difficult job for the researchers.
Recently, metamaterials (MMs) have become an emerging research topic, due to its exotic properties [5] , [6] . Many devices have been synthesized based on the analysis of these properties, and effects [7] - [9] . Metamaterial absorber (MMA) can make nearly perfect absorption at the resonating frequencies. In 2008, Landy et al. [10] has presented the first MMA comprising of a sandwich structure of a metallic cut wire, a dielectric substrate, and a split ring resonator. After that, many efforts have been made by the researchers to enhance the properties for other regions [11] - [14] including mm wave frequency band [13] , and infrared bands [14] . Gasmelseed et al. [15] have reported the effect of MMs in order to achieve superior microwave absorption properties.
Graphene can be a good material for THz application as it has some unique chemical and electrical properties, which have rarely found in other nanomaterials [16] - [21] . Graphene contains intra-band conductivity and inter-band conductivity, which can be controlled by electrostatic or magnetic field [18] , [19] . Various devices have been designed for THz-wave absorption after analyzing these frequency dependent conductivities of the graphene [20] , [21] . However, the only graphene sheet has been considered, while designing these devices. Very few devices have been designed, based on the metamaterial and graphene frequency selective surface (GFSS) integrated structures. FSSs are the periodically oriented advanced electromagnetic (EM) structures; acting as an EM-wave filter [22] , [23] . Due to its potential frequency filtering properties, these structures are considered for the antenna radomes, stealth structures, radar cross section (RCS) reduction, and metamaterials, etc. [23] , [24] . Nowadays, enough motivation has been observed to explore the FSSs in THz absorption. A number of structures have been designed to make wideband, and tunable absorbers [25] , [26] . Graphene FSS can make a remarkable enhancement in absorption bandwidth, while designing a tunable THz absorber.
Design of graphene absorbers with high accuracy is difficult and also very expensive because of its costly laboratory equipment. Hence, multiple interference theorems, and transfer matrix were proposed in [18] , [26] , [27] to analyze; they are unable to provide a proper guidance on the development of a reliable and accurate graphene absorbers. Numerical methods such as the frequency domain time difference (FDTD), periodic method of moments (PMM), finite element method (FEM) etc., may give excellent precision, however, these techniques are time consuming, and requires high performance computational facilities. Hence, in the development of the graphene absorbers, ECM can be considered as an efficient tool [21] , [22] . The basic physics behind the absorption can be explained by ECM as it provides typical analytical values of basic electric parameters (i.e., resistance, capacitance, and inductance) of the device, which reduces the efforts in designing of the absorbers and makes the analysis more effective and accurate.
Sufficient amount of researches has been carried out by scientists and researchers in order to design the MM based THz absorbers [13] , [26] . In [28] , Ye et al., has presented wide absorption angle characteristic of MMA. Pan et al. [29] , has illustrated the mechanism that provides the complete analysis of MM absorption. The research summarizes that the larger absorption have been carried out by EM. Wilbert et al. have demonstrated the experimental and simulation results of a polarization angle-insensitive fourfold symmetric terahertz MMA [30] . A great effort has been made by Hunag et al. [31] in the development of graphene patch array based THz wave absorber using ECM. The effective absorption bandwidth of 1.46 THz has been noticed over 90% absorption. Based on their work, we have initiated a study to examine the effect of single and Double Square FSSs made of copper, instead of graphene over the absorption characteristics of THz absorber. The absorption characteristics have been found to be improved with the application of aperture geometries.
In the quest of thin and broadband absorber, there is still a probability to further improvement of the absorption properties by employing the concept of multi-layering and cascading graphene FSSs. In this article, a hybrid and tunable multilayered THz-MMA integrating with cascaded graphene FSSs and dielectric layers is designed at THz frequencies using an efficient ECM approach. Such a THz wave absorbing configuration is superior as compared to the existing single-layers THz-MMAs in terms of lower thickness, −10 dB absorption bandwidth, and comparable absorption efficiency.
Theoretical Background and Design Methodology
In this work, a five layer hybrid THz-MMA structure has been proposed as shown in Fig. 1 (a) along with a corresponding transmission line model (TLM) as depicted in Fig. 1(b) . Here, graphene monolayer based FSSs, separated by a thin layer of polyimide, were embedded into the dielectric substrate (relative permittivity ϵ rl of 5) backed with a ground plane. Two types of graphene monolayer FSS, i.e., graphene square patch array, and graphene square aperture array, have been considered for the design of a tunable THz-MMA. The schematic diagrams of proposed FSSs with corresponding equivalent circuit (EC) diagrams are presented in Figs. 2(a)-(d), respectively. The design variables for square patch FSS (SP-FSS) are 'g', and 'P'. Here, 'g' is the gap between the square patches, and 'P' is the periodicity of the SP-FSS unit cell.
In the same way, the design variables for square aperture FSS (SA-FSS) are 'p', 'd', and 'w'. Here, 'p' represents the periodicity of the unit cell, 'w' is the width of strip, and 'd' is the length of a single square. The gap between two square aperture 'g a ' = p-d. The inductance (L) and capacitance (C) of the patch and apertures geometries is represented by (L P , C P ) and (L A , C A ), respectively. Table 1 presents the details of distinct THz-MMA configurations (i.e., GTWA-I, GTWA-II, GTWA-III, and GTWA-IV) proposed for the current study. The first configuration GTWA-I comprises of a graphene patch array and a continuous graphite sheet, separated by a thin polyimide layer, as shown in Fig. 3(a) . The graphene aperture array and continuous graphene sheet, separated by a thin polyimide layer, have been utilized for the design of the second configuration (i.e., GTWA-II), as depicted in Fig. 3(b) . Further, two hybrid THz-MMA configurations (i.e., GTWA-III and GTWA-IV) integrated with cascaded FSS geometries have been introduced, which comprises of both kinds of FSS, i.e., graphene SP-FSS, and graphene SA-FSS with alternating positions, as shown in Figs. 3(c) and (d). In Fig. 3(c) , FSS-I is graphene patch array (i.e., SP-FSS), and FSS-II is a graphene aperture array (SA-FSS), and vice-versa in Fig. 3(d) .
The frequency-dependent complex surface conductivity of an isolated graphene sheet (typical thickness 0.34 nm) can be estimated as the sum of intra-band, and the inter-band conductivities [18] . The complex surface conductivity of graphene sheet can be given as [31] . The surface impedance of the graphene sheet (Z G ) can be given as [32] . The input impedance of the SP-FSS (Z G P ) can be described as [31] . The surface impedance of the SA-FSS can be calculated by:
where p is the period of the aperture array, w is the width of the aperture (as shown in Fig. 2 ), Z c is the characteristic impedance, and ωL, ωC can be given as [22] . The impedance of a thin layer of polyimide (Z T ) and dielectric substrate (Z M ) can be calculated using [31] - [33] . The device impedance (Z i n ) can be evaluated by solving the basic electrical circuit depicted in Fig. 1(b) .
Results and Discussion
Fig. 4(a) depicts RC characteristics of two basic THz-MMA configurations (i.e., GTWA-I, and GTWA-II). The absorption bandwidth corresponding to −10 dB RC is achieved as 1.50 THz with a minimum RC value of −15.9 dB at 1.19 THz for GTWA-I. The real and imaginary parts of the normalized input impedance are shown in Fig. 4(b) . One can see that the real values of the normalized input impedance tend to unity, when the imaginary part becomes zero at resonance frequencies. GTWA-II configuration with SA-FSS geometry provides a little bit larger absorption bandwidth than GTWA-I, as can be visualized in Fig. 4(a) . It provides 1.79 THz absorption bandwidth with a Fig. 4(c) shows the normalized input impedance of this configuration, which confirms the resonance at 1.38 THz, and 2.63 THz.
Further, an effort is made to improve the absorption characteristics by the application of hybrid THz-MMA configurations (i.e., GTWA-III, and GTWA-IV) comprising of cascaded graphene FSSs. GTWA-III configuration achieved a remarkable −10 dB absorption bandwidth of 2.34 THz (0.85-3.19 THz) with a minimum RC value of −30.27 dB at 2.94 THz as shown in Fig. 5(a) . The spectra's of the normalized input-impedance of this configuration are depicted in Fig. 5(c) . Similarly, a change in the position of FSS-I, and FSS-II has been made in the case of GTWA-IV configuration. SA-FSS is used as FSS-I, on the other hand, the SP-FSS is utilized as FSS-II. Since the input impedance of polyimide layer is very less than the FSS-impedance, the change should not affect much in total input impedance, and hence in the THz absorption. This can be verified by the results shown in Fig. 5(a) , where −10 dB absorption bandwidth is observed as 2.26 THz (0.89-3.15 THz) with a peak RC value of −32.83 dB at 1.14 THz. The bandwidth consistent with this configuration is slightly lesser than the bandwidth achieved by GTWA-III, because of the impedance mismatch affected by polyimide layer as depicted in Figs. 5(c)-(d) . The resonance frequencies of both the hybrid configurations (i.e., GTWA-III, and GTWA-IV) are same, i.e., 1.14 THz, and 2.94 THz, respectively, as shown in Fig. 5(a) . Table 2 presents a systematic and critical analysis of THz absorption of adopted THz-MMA configurations, in terms of their peak RC values, S 11 (dB), and −10 dB absorption bandwidth. It is clear that GTWA-III is the best THz-MMA configuration due to its broadband absorption (i.e., −10 dB absorption bandwidth of 2.34 THz) at THz regime. Moving one step further, RC characteristics of the optimal device extracted using ECM, are compared with those obtained using CST full wave simulations for the cross verification. A quite good agreement among ECM and CST data is observed with an approximately similar pattern, as clear from Fig. 5(b) .
Graphene conductivity is highly dependent on its chemical potential (μ c ) [18] . Since, the THz absorption in GTWA-III is better than the other three THz-MMA configurations (i.e., GTWA-I, GTWA-II, and GTWA-IV), therefore, the effect of μ c has been analyzed only for the optimal THz-MMA configuration, i.e., GTWA-III. Figs. 6(a) and (b) show the variation in RC characteristics by changing μ c , μ c1 (ranging from 0.15 to 0.55 eV), while keeping μ c2 as 0.25 eV, and μ c2 (ranging from 0.18 to 0.58 eV), while keeping μ c1 as 0.38 eV, respectively. The first peak RC value is shifting towards the low frequency regime, whereas the second peak RC value is shifting towards high frequency regime, when increasing μ c1 . In case of μ c2 , both the peak RC values are shifting towards the higher frequency regime. The results confirm that a proper variation in μ c of the graphene can be utilized in an efficient design of the tunable absorber. It is noticed that the optimal values are obtained for the THz-MMA with μ c of 0.38 eV (μ c1 ), and 0.25 eV (μ c2 ). The effect of substrate design parameters (i.e., substrate dielectric constant 'ϵ rl ' and thickness 'l') over the THz absorption characteristics of the device is carried out in the range of 0.1 to 4.0 THz. Fig. 7(a) depicts the effect of 'ϵ rl ' in absorption bandwidth of the optimal device. The value of 'ϵ rl ' is varied from 3 to 9 with a step size of 2. It can be analyzed that the absorption bandwidth first increases, and achieve maximum value at a certain value, and then decreases with the increment of 'ϵ rl ' up to 5. The THz absorption properties are found to be greatly influenced by the substrate thickness 'l', which is varied from 3 to 31 μm with step size of 7 μm, as shown in Fig. 7(b) . The broadband THz absorption properties are observed for the device with an optimal value of 'l' as 17 μm.
The absorption bandwidth increases when 'P' increases, and achieves the maximum value at 10 μm and then decreases, as shown in Fig. 8(a) . It can also be observed that the first peak RC value is shifting towards the low frequency regime with an increase in 'P'. A similar kind of effect is observed in Fig. 8(c) , where the second peak RC value shifting towards the high frequency regime, with an increase in 'd'. In Fig. 8(b) , the bandwidth of the device decreases, as 'g' increases. However, the best absorptivity is achieved, when 'g' approaches to 1.0 μm. Fig. 8(d) portrays the effect of 'w' on the absorption bandwidth. It is noticed that, as the value of 'w' increases, absorption bandwidth also increases. However, the optimal value of the 'w' is dependent on 'd', as it cannot exceed the half of 'd' due to geometry restrictions. It is clear that the maximum THz absorption takes place with optimal design parameters of the device, which are listed in Table 3 . Further, the effect of the incident angle over the absorption characteristics is carried out. Fig. 8(e) presents the variation in RC characteristics, when the incident angle varies from 0°to 75°. Clearly, no significant change in absorption bandwidth is observed, which confirms the wide incidence angle insensible (WIAI) nature of the device.
Further study is carried out to explore the physics behind the observed absorption achieved by the application graphene FSS. The absorption mechanism can be explained primarily by the impedance matching. The design parameters are optimized by ECM in the way, so that Z in of the device matches with Z o . The absorption mechanism can also be explained on the basis of circuit theory, as the variation in the device parameters leads to a corresponding variation in circuit parameters (i.e., L and C), which are responsible for the resonance at a particular frequency. Figs. 9 and 10 show It can be noticed that the value of C A is larger than the value of L A , hence the observed absorption in this case, is primarily dominated by the inductance, instead of the capacitance. Therefore, one can say that the input impedance of SP-FSS is more influenced by the capacitance (C P ), while the input impedance of SA-FSS is governed by inductance (L A ). The parallel combination of both the FSSs (i.e., SP-FSS and SA-FSS) is governed by the lower values of the input impedance of FSS-II (i.e., SA-FSS), which is dominated by L A . The effect of dielectric substrate parameters (i.e., 'l', and 'ϵ rl ') over the dielectric substrate capacitance (C d ) is presented in Figs. 10(e), and (f). It is seen that the value of C d increases, and the resonance point shifts towards the low frequency regime, with an increment of both l and ϵ rl , as depicted in Fig. 10(e) , and (f), respectively. Moreover, for the optimal values of these parameters (i.e., l = 17 μm, and ϵ rl = 5), the resonance occurs at the same frequency, where the effective permittivity of the device dominates, as shown in Fig. 10(g) .
THz absorption achieved by the device can also be explained on the basis of wave interference phenomena [34] . The mechanism requires the substrate thickness, sandwiched between FSS and PEC, should match with the quarter-wavelength (i.e., λ/4 = 18.2 in this case), so that the waves can cancel to each other when trapped by the absorber. The optimal dielectric substrate thickness, achieved for the device is l = 17 μm and thickness of polyimide layer is t = 0.5 μm, which make the total device thickness as 17.5 μm. This adequately satisfies the above condition for wave interference phenomena. Apart from this the induced current model, illustrated by Liao et al. [35] , can also explain the broadband absorption. As per the research [35] , the EM-coupling increases with the TABLE 4 Comparison Between the Proposed Work and Other Reported Works increase in 'l', and then decreases after an optimal value. A similar kind of pattern has been achieved in this research also, where the absorption increases, achieves maximum value, and then decreases with the increase in 'l', as shown in Fig. 7(b) . Overall, it can be concluded that the combined effect of the inductance of FSSs, and capacitance of the dielectric substrate, is responsible for the broadband absorption. In order to reflect the metamaterial behavior of the device, the effective magnetic permeability, and effective dielectric permittivity of the best configuration (i.e., GTWA-III) is extracted by the methodology presented in [13] . Figs. 10(g), (h) depicts the frequency dependent spectra's of permeability. The fluctuations can be seen around the resonating frequencies (i.e., around 1.14 and 2.94 THz). Table 4 shows the comparison of proposed work with other reported works. The comparison carries out in terms of −10 dB RC bandwidth (i.e., 90% absorption bandwidth), actual thickness, and structural composition of the device. The proposed work is a simple and the optimal structure for broadband absorber with a balanced trade-off between thickness and absorption bandwidth. Clearly, it reflects the successful design of a thin and broadband THz-MMA.
Conclusion
In conclusion, a hybrid, tunable and thin THz absorber embedded with cascaded graphene FSS, capable of providing ultra-high broadband absorption is successfully demonstrated. The electrical properties of FSS were explored, and variation with its design parameter was analyzed. The effect of FSS design parameters and μ c has been elucidated. In order to visualize the type of metasurface, the effective permittivity and permeability were also estimated. An optimal device is found to possess a peak RC value of −30.27 dB at 2.94 THz along with −10 dB absorption bandwidth of 2.34 THz (0.85-3.19 THz). The graphene based THz-MMA can be considered as a promising structure for emerging THz applications.
